Fatigue-free and highly c-axis oriented Bi4-xSmxTi3O12 (BSmT; x = 0.85) thin films were grown on Pt/TiO2/SiO2/Si(100) substrates using the method of metal-organic sol decomposition. The BSmT film capacitor with a top Pt electrode showed significantly improved values of the remanent polarization (Pr) and the nonvolatile charge as compared to those of the Bi4-xLaxTi3O12 (BLT; x = 0.75) film capacitor, recently known as a promising candidate for nonvolatile memories. The 2Pr value of the BSmT capacitor was 49 µC/cm 2 at an applied voltage of 10 V while the net nonvolatile charge was as high as 20 µC/cm 2 and remained essentially constant up to 4.5 × 10 10 read/write switching cycles at a frequency of 1 MHz. In addition to these, the capacitor showed excellent charge-retention characteristics with its sensing margin of 17 µC/cm 2 and a strong resistance against the imprinting failure.
Introduction
There have been extensive research efforts to enhance the reliability of perovskite-based ferroelectric thin films for use in nonvolatile ferroelectric random access memory (NvFRAM) devices. Among these ferroelectrics, lead zirconate titanate (PZT) is known to be the most important candidate for NvFRAM applications. However, it shows a serious degradation of ferroelectric properties after being subjected to ~10 7 read/write switching cycles. Although the fatigue problem of PZT-based capacitors can be solved by using metal oxide electrodes 1, 2) , these electrodes are difficult to be prepared and increase leakage current in general. Some layered perovskites such as strontium bismuth tantalate (SrBi2Ta2O9, SBT) and lanthanum-modified bismuth titanate (Bi3.25La0.75Ti3O12, BLT) showed superior fatigue resistances as compared to Pt/PZT/Pt capacitors [3] [4] [5] .
As one of the fatigue-free ferroelectrics, the BLT film is of particular interest. This is not only because it can be crystallized at low processing temperatures below 650°C, which is compatible with Si-based IC technology, but also because it shows larger spontaneous polarizations than those of SBT-based films. However, the BLT film prepared by the method of pulsed laser deposition was characterized by a mixed orientation of grains 5, 6) . The mixed orientation tends to increase bit-to-bit variability in a capacitor for high-density ferroelectric memory devices 6) . More recently, highly c-axis oriented BLT films having fatiguefree characteristics were grown on platinized silicon substrates using metal-organic sol decomposition 7, 8) . The highly c-axis oriented capacitor showed a well-saturated polarization-electric field (P-E) switching curve with its remanent polarization (2Pr) of 27 μC/cm 2 at an applied voltage of 10 V 7,8) . Notwithstanding the fatigue-free characteristics, the 2Pr value (or more relevantly, the nonvolatile switching charge) of the highly oriented BLT film needs to be substantially improved to ensure the reliability of devices (i.e., sufficient sensing margin) and to apply the capacitor to high-density NvFRAM.
According to the proposition made by Park and co-workers 5) , the fatigue-free behavior of BLT can be attributed to the enhanced stability of oxygen in the Ti-O octahedron layer, which is caused by the substitution of lanthanum for bismuth located at near the Ti-O octahedron layer. Accepting this proposition, one does expect that the substitution of a stable trivalent cation will enhance the fatigue resistance provided that it stabilizes the oxygen in the octahedron layer and its ionic size is similar to that of bismuth having a high-volatility. In addition to this expectation, one could further control the component of the spontaneous polarization parallel to the c-direction by suitably aligning the texture of a given film. We indeed found that the direction and the magnitude of 2Pr of highly c-axis oriented bismuth titanate-based films were very susceptible to the substitution of lanthanum for bismuth [7] [8] [9] : 2Pr parallel to the c-axis increased from 5~8 μC/cm 2 for Bi4Ti3O12 to both 26~28 μC/ cm 2 for Bi 3.25 La 0.75 Ti 3 O 12 7, 8) and 49~52 μC/cm 2 for Bi3.15Sm0.85Ti3O12 9, 10) . Thus, one would expect to obtain bismuth titanate-based thin films having both fatigue-resistance characteristics and large remanent polarizations by suitably substituting stable trivalent ions for volatile bismuth ions that tend to destabilize the oxygen ions located at the Ti-O octahedron layer.
In selecting appropriate trivalent cationic species for this purpose, one has to consider various physicochemical factors. Among these, the following three factors seem to be most appropriate : (i) the stability of perovskite phase, (ii) the ionic radius, and (iii) the Curie-Weiss temperature. Among trivalent rare-earth lanthanides, samarium (Sm) seems to be one of those that satisfy all of the three criteria. Its effective ionic radius of 0.96 Å is compatible with that of Bi (1.02 Å) 11) . The Curie-Weiss temperature of Bi 3.15 Sm 0.85 Ti 3 O 12 is estimated to be 470°C 12) , which is high enough to be used in ferroelectric memory devices that require a stability of polarization switching against thermal agitation. In view of them, the main purpose of the present study are i) to develop highly c-axis oriented Smmodified bismuth titanate (BSmT) films having fatigue-free characteristics as well as improved remanent polarization along the unique c-direction and ii) to identify a crystal structure of BSmT.
Experimental procedure

Preparation of sols
The precursor solution for BSmT was prepared by first dissolving appropriate amounts of bismuth acetate (Bi(CH 3 COO) 3 ) and samarium acetate hydrate (Sm(CH3COO)3·2H2O) into an aqueous acetic acid solution at room temperature. Similarly, an acidic solution of bismuth acetate was prepared for the BT precursor. Stoichiometric amount of titanium isopropoxide solution (Ti[(CH 3 ) 2 OCH] 4 ) was slowly added to the mixed precursor solution. Clear yellowish sols for BSmT and BT were obtained. A 4-mol% excess amount of bismuth acetate was used to compensate the Bi-loss that did occur during the thermal annealing of amorphous films.
Fabrication and characterization
The BSmT and BT films were fabricated onto Pt/TiO 2 /SiO 2 /Si substrates using a repeated coating/drying cycle. The drying was performed at room temperature. The dried films were amorphous as determined by x-ray diffraction (XRD). The amorphous films deposited on the substrates were subsequently crystallized by thermal annealing at various temperatures between 400 and 680°C for 1 hour in oxygen atmosphere. As-annealed films were crack-free, uniform, dense, and adhered well on the substrates used.
Chemical compositions of the annealed films were examined using energy dispersive spectroscopy (EDS). For a reliable EDS analysis, the chemical compositions of the crystalline BSmT and BT powders, as derived from the same precursor sols, were determined using an atomic emission spectrometer (ICP-AES) with a high-frequency inductively coupled argon plasma as an emission source. The stoichiometry of powders, as evaluated using an ICP-AES, was essentially the same as the intended one. The composition-identified BSmT and BT powders were then used as standards for quantitative EDS analysis. The stoichiometry of the BSmT/Pt/TiO2/SiO2/Si annealed at 680°C for 1 hour was essentially the same as the desired composition, and it was Bi : Pr : Ti = 3.15 : 0.85 : 3. Similarly, the composition of the BT film annealed at the same temperature was Bi : Ti = 4.01 : 3. The thickness of the annealed films was estimated using a field-emission scanning electron microscope (FE-SEM). The crystallinity of the annealed films was examined by X-ray diffraction (XRD) using θ-2θ scans.
For the fabrication of BSmT and BT capacitors, top Pt electrodes were deposited using a radio frequency magnetron sputter. The typical area of a top electrode was 10 −4 cm 2 . Ferroelectric and dielectric properties of the fabricated capacitors were measured using a ferroelectric analyzer (RT6000S, Radiant Technology, Albuquerque, NM) and an impedance analyzer (HP4194A, Hewlett Packard, Palo Alto, CA) equipped with a micrometer probe station, respectively.
Results and discussion
Crystal structure of BSmT
To critically assess the effect of samarium (Sm) substitution on the phase stability, both BSmT and BT powders were prepared, and their crystal structures were analyzed using XRD method. All the XRD peaks of the BSmT (x = 0.85) powder were identified and indexed using the XRD data of the perovskite BT phase compiled in the JCPDS card (card no. 35-0795). There was one-to-one correspondence between these two patterns despite of some peak shifts and changes in the relative intensity. According to the XRD pattern presented in Fig. 1(a) , the BSmT (x = 0.85) powder does not show any evidence of the formation of samarium oxide or associated compounds that contain bismuth or titanium. This observation indicates that the samarium ions in the BSmT do not form minority phases or segregate from the interior grain but dissolve into the perovskite lattice.
It is known that the size of trivalent bismuth ion is compatible with that of samarium ion : r(Bi 3+ ) = 1.02 Å, r(Sm 3+ ) = 0.96 Å 11) . This suggests that samarium ions can readily substitute for bismuth ions in the perovskite lattice. Therefore, one can conclude that the BSmT maintains a layered structure similar to the perovskite BT even under extensive modifications by samarium. This conclusion agrees with the crystal-structure model of the BSmT proposed by Wolfe and Newnham 12) .
However, small changes in the lattice parameters were observed with the substitution of samarium for bismuth. It is known that the BT single crystal possesses a pseudo-orthorhombic structure with a = 5.411 Å, b = 5.448 Å, and c = 32.83 Å at room temperature 13) . According to this, the peaks corresponding to (h0l)-and (0kl)-type reflections should be distinguished one from the other. As presented in Fig. 2 , the XRD pattern of the BT (x = 0) consistently shows the splitting of (h0l)-and (0kl)-type reflections that are associated with orthorhombic structure. In contrast to this, the BSmT does not show any peak splitting caused by the distinct (h0l)-and (0kl)-type reflections. This indicates that the BSmT (x = 0.85) has a tetragonal structure rather than a pseudo-orthorhombic structure. It has been also reported that the BLT (x = 0.75) has a tetragonal structure 8) . This means that the substitution of samarium ions for bismuth ions distorts the positions of ions in the lattice. The computed lattice parameters of the BSmT based upon the XRD patterns are : a = b = 5.381 Å and c = 32.908 Å at room temperature.
Crystallization behavior of BSmT film
To analyze the effect of the Sm-substitution on the ferroelectric properties, both BSmT and BT films were deposited on Pt/TiO2/SiO2/Si(100) sub- The powders were derived from the same precursor sols used in the preparation of thin films. strates and subsequently annealed at various temperatures. In Fig. 3 , we compare the crystallization behavior of BSmT/Pt/TiO2/SiO2/Si (100) with that of BT/Pt/TiO2/SiO2/Si (100). The XRD diffraction peaks that correspond to (117) reflection appear at 500°C in the BSmT (x = 0.85) film while the peaks, corresponding to (117) and (0012) reflections, appear at a temperature as low as 400°C in the BT (x = 0) film. This indicates that the onset of crystallization to a layered perovskite is retarded by the Sm-substitution. For both films, compared with the (117) reflection, the intensity of (00l)-type reflections rapidly increases with annealing temperature. Both BSmT and BT films annealed above 650°C then exhibit a highly c-axis oriented preferential growth. The degree of (00l)-type preferential growth, as estimated using Lotgering's orientation factor 14) , was over 96 % for both films annealed above 650°C. The crystallinity of the BT film is better than that of the BSmT film. This is possibly caused by the enhanced grain growth of the BT film, as shown in Fig. 4 .
Microstructural features of the thermally annealed BT and BSmT films are compared in Fig.  4 . As shown in micrographs, the grain size of the BT is substantially larger than that of the BSmT film. Considering the well-known volatility of bismuth, one does expect that the diffusivity of bismuth is higher than that of samarium. It is known that the vapor pressure of bismuth and that of samarium near 680°C are 10 −6 torr and 10 −7 torr, respectively 15) . In this case, due to lower diffusivity of samarium, the substitution of samarium for bismuth will suppress the grain growth of BSmT, as observed in Fig. 4(a) . For both films, the thickness of ferroelectric layers on Pt/TiO2/SiO2/ Si(100) is in the range between 280 and 310nm.
Ferroelectric properties of BSmT film
It has been shown that the substitution of lanthanum for bismuth alters the direction and the magnitude of the spontaneous polarization 7, 8) , which is congruent with the structural change from orthorhombic to tetragonal symmetry in BLT films 8) . Thus, one would expect that the ferroelectric properties of Sm-substituted BT films (BSmT) could be suitably modified because the structural change from orthorhombic to tetragonal phase was also observed by the Sm-substitution (Fig. 2) . In view of them, we have examined the ferroelectric properties of the BSmT (x = 0.85) film and compared these with those of the unmodified BT (x = 0) film. Polarization-electric field (P-E) hysteresis loops of Pt/BSmT/Pt/TiO2/SiO2/Si(100) and Pt/ BT/Pt/TiO2/SiO2/Si(100) capacitors were measured at 10 V. For both types of capacitors, wellsaturated polarization-electric field switching curves (P-E curves) were obtained, as presented in Fig. 5 . The remanent polarization (2P r ) increases substantially from 5 μC/cm 2 to 49 μC/cm 2 by the Sm-substitution.
According to previous investigations [16] [17] [18] , 2P r and E c (coercive field) values of highly c-axis oriented BT films are typically 5~8 μC/cm 2 and 2~5 kV/cm, respectively. These values are similar to those of the present BT film.
The 2Pr value of the BSmT capacitor is much higher than 28 μC/cm 2 obtained from the highly caxis oriented BLT film 7) . The coercive field of the present BSmT capacitor is in the vicinity of 110 kV/cm at an applied voltage of 10 V. This value is within the allowed limit for practical applications to NvFRAM devices. Besides, the 2Pr value of the present BSmT capacitor is substantially higher than that of SrBi2Ta2O9, another fatiguefree layered perovskite, which ranges between 6 and 20 μC/cm 2, 3, [19] [20] [21] [22] . Furthermore, these values of 2P r and E c of the BSmT capacitor were constant throughout the whole area of the film, which presumably resulted from the homogeneity of texture in the present BSmT film. This homogeneity in the ferroelectric properties possibly removes the problems associated with the bit-to-bit variability in a film capacitor 6) .
Hysteresis loops of the BSmT capacitor measured at various applied voltages ranging between 3 V and 12 V are presented in Fig. 6 (a) . Figure  6(b) shows the variation of 2Pr and Ec values of the BSmT capacitor with the applied voltage. The film was annealed at 680°C for 1 h, and its thickness, as estimated using a cross-sectional FE- , recently reported as a fatigue-free ferroelectric capacitor [5] [6] [7] .
The relative dielectric permittivity [ε′(ω)] and the dissipation factor [ε″(ω)/ε′(ω) = tanδ] of the capacitor were measured at 25°C as a function of frequency. As shown in Fig. 7 , the relative permittivity and the dissipation factor are 387 and 0.054 at a frequency of 1 MHz, respectively. These values are comparable to those of PZT, SBT, and BLT capacitors 3, 5, 23) . Although the dielectric permittivity decreases steadily with increasing frequency, there is no sudden change in its value up to 1 MHz. The dielectric loss (tanδ) improves slightly but shows little change with increasing frequency up to 1 MHz. All these indicate that the observed P-E hysteresis behavior of the BSmT capacitor originates from the ferroelectric polarization switching of bound charges, not from the response of freely moving charges.
The fatigue-free characteristics of the BSmT capacitor are summarized in Fig. 8 . The capacitor shows little change both in the switching polarization (P sw ) and in the non-switching polarization (Pns) up to 4.5 × 10 10 read/write cycles. The values of the nonvolatile charge [i.e., (+Psw)− (+P ns ) or (−P sw )−(−P ns )] are approximately 20 μC/ cm 2 , and these values remain essentially constant throughout the switching cycles. The P-E curves of Fig. 8 were obtained at an applied voltage of 5 V before and after the electrical fatigue test using a fatigue voltage of 3 V. The values of 2Pr and Ec before the fatigue test were 27 μC/cm 2 and 79 kV/ cm, respectively, at an applied voltage of 5 V. After being subjected to 4.5 × 10 10 cycles, these were still retained at 25 μC/cm 2 and 76 kV/cm. Besides, the P-E curves do not show any noticeable asymmetric behavior resulting in imprint failures, even after being subjected to 4.5 × 10 10 switching cycles.
The charge-retention characteristics of the BSmT capacitor are summarized in Fig. 9 by plotting the switching polarization (± Psw) and the nonswitching polarization (± P ns ) as a function of relaxation time. Figure 9 (a) represents four distinctive test-pulse sequences employed for measuring the charge retention of +P sw , +P ns , −P sw , and −P ns . The sensing margin, as defined by Pnv = (± Psw) − (± Pns), of the capacitor was 17 μC/cm 2 and remained essentially constant up to 10 4 seconds after applying a writing pulse, demonstrating an excel- Fig. 7 The relative dielectric permittivity and the dissipation factor of the Pt/BSmT/Pt capacitor as a function of frequency. lent charge-retaining ability of the BSmT capacitor. Compared with the reported sensing margin of a highly c-axis oriented SBT capacitor 24 (6 μC/ cm 2 ) and that of a SrBi2(Ta,Nb)2O9 capacitor 25 (11 μC/cm 2 ), this is a substantial improvement. In addition to this, |−P sw | was essentially the same as +Psw throughout the relaxation (retaining) time, and the same trend was also observed for |−Pns| and +Pns. This indicates that the BSmT capacitor has a strong resistance against the imprinting failure.
Conclusion
The results of the present investigation are summarized as follows : (1) Highly c-axis oriented Bi4-xSmxTi3O12 (x = 0.85) film was successfully grown on Pt/ TiO 2 /SiO 2 /Si(100) substrates by metal-organic sol decomposition of the relevant precursors. 2 remained essentially constant up to 10 4 sec after applying a writing pulse, demonstrating an excellent charge-retaining ability of the BSmT capacitor.
